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Influenza viruses of types A and B cause periodic pandemics in the human population. The antiviral drugs
approved to combat influenza virus infections are currently limited. We have investigated an effective novel
inhibitor of human influenza A and B viruses, triazavirine {2-methylthio-6-nitro-1,2,4-triazolo[5,1-c]-1,2,4-
triazine-7(4Í)-one} (TZV). TZV suppressed the replication of influenza virus in cell culture and in chicken
chorioallantoic membranes, and it protected mice from death caused by type A and B influenza viruses. TZV
was also effective against a rimantadine-resistant influenza virus strain and against avian influenza A virus
H5N1 strains. The pharmacokinetic parameters and bioavailability of TZV were calculated after the admin-
istration of TZV to rabbits. The TZV metabolite AMTZV {2-methylthio-6-amino-1,2,4-triazolo[5,1-s]-1,2,4-
triazin(e)-7(4Í)-one} was discovered in ÍÅK 293T and Huh7 cell cultures, a liver homogenate, and rabbit blood
after intragastric administration of TZV. AMTZV was nontoxic and inactive as an inhibitor of influenza virus
in cell culture. Most likely, this metabolite is a product of TZV elimination.

The design of effective new drugs against influenza viruses is
one of the most socially important goals of modern medicine,
due to the epidemic character of the disease, the high variabil-
ity of the virus, and the development of serious complications,
occasionally resulting in patient death. During seasonal epi-
demic outbreaks, 10 to 20% of the population suffers from
virus infections, and pandemic outbreaks can increase this
number 4 to 5 times (3, 12, 13, 14). The spectrum of drugs
inhibiting the pathogen is limited. Recent studies of avian
influenza A H5N1, H7N7, and H9N2 viruses and of the H1N1
swine flu virus showed that the mutability of viruses is very high
and that they can overcome interspecies barriers and infect
humans (7, 17, 22, 23). These facts stimulated intensive studies
of new agents capable of inhibiting influenza viruses of differ-
ent origins (1, 10, 12, 21, 22, 27).

At present, two types of drugs are used in clinical practice.
The first type is represented by the adamantane derivative
amantadine and its methyl derivative rimantadine (5, 6, 8).
These drugs inhibit viral replication during the early stage of
infection by blocking the ion channels that are formed in
the envelopes of influenza virus particles by the M2 protein.
The channels are required for the maintenance of low pH in
the virion and the release of viral ribonucleoprotein from the
M1 protein, followed by the initiation of transcription of the
viral genome (9, 28, 34). Adamantane-based drugs have been
useful only in the treatment of influenza A infection, because

only the A strains of influenza virus have M2 ion channel
proteins. Although drugs of this type are effective against in-
fluenza A virus infection, they may cause serious adverse ef-
fects and have given rise to the rapid emergence of drug-
resistant viral strains (8, 19, 25, 29, 31). However, despite these
drawbacks, adamantane-derived drugs remain the key drugs in
influenza therapy. The second type of anti-influenza drugs is
represented by zanamivir and oseltamivir, the inhibitors of a
viral membrane enzyme, �-neuraminidase, that plays a key
role in the life cycle of influenza viruses. The enzyme destroys
the sialic-acid-containing receptor on the surfaces of infected
cells and is thus involved in the release of new virions from the
host cell surface to begin a new round of infection (15, 16, 20,
35). Both zanamivir and oseltamivir have advantages over the
M2 protein inhibitors with respect to efficacy, resistance pat-
tern, and antiviral spectrum (in that they inhibit both influenza
virus types A and B). However, some fatalities and neuropsy-
chiatric events have been reported with the use of oseltami-
vir, especially in pediatric cases (2, 4, 18). Recently it has
been shown that agents synthesized on an azolo-1,2,4-tri-
azine base possessed high activities against both A and B
influenza viruses (1).

Here a novel effective inhibitor of influenza A and B viruses,
triazavirine {2-methylthio-6-nitro-1,2,4-triazolo[5,1-c]-1,2,4-
triazine-7(4Í)-one} (TZV), is described. The structure of TZV
is presented in Fig. 1. We show that TZV inhibited virus
replication in cell cultures and in chicken chorioallantoic mem-
branes (CAM) and that it protected mice infected with influ-
enza A or B virus serotypes from death. TZV was also active
against a rimantadine-resistant strain and a highly pathogenic
avian influenza A virus H5N1 strain. The metabolism of TZV
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was studied in kidney (HEK 293T) and hepatic (Huh7) cell
cultures. The pharmacokinetic parameters and bioavailability
of TZV were calculated following intragastric (i.g.) and intra-
venous (i.v.) administration to rabbits. A TZV metabolite {2-
methylthio-6-amino-1,2,4-triazolo[5,1-s]-1,2,4-triazine-7(4H)-
one} (AMTZV), formed in the process of reduction of the
TZV nitro group to an amino group, was found in HEK 293T
and Huh7 cell cultures, in a liver homogenate after incubation
with TZV, and in rabbit blood after i.g. administration. The
resulting metabolite was neither active nor toxic in cell cultures
infected with influenza viruses and most likely was a TZV
elimination product.

MATERIALS AND METHODS

1H nuclear magnetic resonance (NMR) spectra were registered on an Avance
DRX 400 spectrometer (Bruker Corporation) with a working frequency of 400
MHz. Liquid chromatography-mass spectrometry was performed on an LCMS
Shimadzu 2010 mass spectrometer (Shimadzu Corporation, Japan) using a Su-
pelco LC-18 column (4.6 mm by 250 mm) at 60°C with a mobile phase of
acetonitrile-water (1:1) and with chemical ionization at normal pressure (atmo-
spheric-pressure chemical ionization [APCI]). The analysis was performed in the
selected ion monitoring (SIM) mode. UV spectra were recorded on a Shimadzu
UV-2401PC spectrophotometer (Shimadzu Corporation, Japan). Centrifugation
was performed on an Eppendorf centrifuge, model 5415 (Eppendorf AG, Ger-
many). For sample concentration, an Automatic SpeedVac concentrator, model
AS260 (Savant), was used. High-performance liquid chromatographic (HPLC)
analysis of TZV and its metabolites was performed on a Nucleosil 100 C18

column (5 �m; 4 mm by 150 mm) with a C18 precolumn (4 by 8 mm) using a
Gilson chromatograph (France) supplied with a digital GSIOC 506 controller
(Gilson) and a Gilson-315 UV detector with varied wavelengths.

Sample analysis. HPLC conditions for sample analysis were as follows. Solu-
tion A was 0.1% heptafluorobutyric acid [CF3(CF2)2COOH] (pH 3), and solu-
tion B was 80% ethyl alcohol (EtOH). The gradient for solution B was 0% for 5
min, from 0% to 12% for 20 min, from 12% to 14% for 5 min, from 14% to 40%
for 8 min, and from 40% to 100% for 2 min. A � of 360 nm was registered for
TZV and a � of 321 for the TZV metabolite. The rate of elution was 0.5 ml/min.

Influenza virus strains. Virus strains A/Aichi/2/68 (H3N2), A/Victoria/35/72
(H3N2), B/Lee/40, and B/Samara/253/99 were received from the collection of the
Research Institute of Influenza, Russian Academy of Medical Sciences, St. Pe-
tersburg, Russia. The rimantadine-resistant A/PR/8/34 (H0N1) and A/NIBRG-14
(H5N1) (A/Vietnam/1194/2004 plus A/PR/8/34) strains were a kind gift from the
National Institute for Biological Standards and Control, London, United Kingdom.
The A/Duck/Potsdam/1402-6/86 (H5N2), A/Mallard/NT/12/02 (H7N3), and A/Hong

Kong/1073/99 (H9N2) strains were from the Centers for Disease Control and Pre-
vention, Atlanta, GA.

Cell lines and animals. Madin-Darby canine kidney (MDCK) cells were from
the Institute of Influenza Viruses, St. Petersburg, Russia. Human HEK 293T
kidney cells and Huh7 hepatic cells were from the Engelhardt Institute of Mo-
lecular Biology. Mice of the CBA line, weighing 16 to 18 g, were received from
the “Rappolovo” laboratory animal nursery, Leningradskaya region, Russia.
Male Chinchilla rabbits (body weight, 3.0 � 0.5 kg) were from the Manikhino
hatchery (Moscow region, Russia).

Chemistry. The synthesis of TZV has been reported previously (1). 1H NMR
spectrum (dimethyl sulfoxide [DMSO]-d6, �, ppm): 2.52 (3H, s, SCH3), 4.76 (4H,
broad s, 2H2O). Element analysis: C 20.83, H 2.62, N 29.21, S 11.20%. UV
(H2O): �max 257, ε � 17,172; �max 360, ε � 12,520. Mass: 227 (100.0%) [M-Na]�,
228 (10.8%) [M � 1–Na]�, 199 (7.4%) [M � 2–Na]�.

2-Methylthio-6-amino-1,2,4-triazolo[5,1-c]-1,2,4-triazine-7(4H)-one (AMTZV)
was synthesized by a method similar to that described in reference 32. Briefly,
triazavirine (0.5 g; 1.7 mmol) was suspended in water (5 ml), and a solution of
sodium dithionite (1 g) in water (15 ml) was added. The reaction mixture was stirred
at room temperature for 1 h, and the resulting precipitate was filtered and dried on
air to give 0.225 g (45%) of the product. 1H NMR spectrum (DMSO-d6, �, ppm):
2.52 (3H, s, SCH3), 6.35 (2H, br. s, NH2), 13.19 (1H, br. s, NH). Mass: 197 (100.0%)
[M-H]�, 198 (9.4%) [M � 1–H]�, 199 (3.3%) [M � 2–H]�. UV (water): �max 249,
ε � 29 218; �max 321, ε � 6 424.

Antiviral activity on an MDCK cell culture. The cells were grown in Dulbec-
co’s modified minimal essential medium (MEM)/E (Sigma-Aldrich, Germany)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin sulfate. A suspension of MDCK cells was cultivated at 37°C under
5% CO2 until a monolayer was formed. Cell viability was determined by a
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
The starting allantoic liquid containing the A/H3N2, A/H5N1, A/H5N2,
A/H7N3, or A/H9N2 virus was diluted within the range of 10�1 to 10�7 and was
added to wells containing confluent cell monolayers. Virus titers were estimated
by hemagglutinin titration and plaque assays according to standard procedures
(24, 33). After virus adsorption for 1 h, the water solutions of target compounds
were added at various concentrations. The virus yield was determined after 48 h
by a hemagglutination test with a 0.5% chicken erythrocyte suspension according
to the method of reference 26. Each compound concentration was tested in
duplicate.

In vitro study of antiviral activity in CAM. Chorioallantoic membranes (CAM)
from 11- to 13-day-old chick embryos were minced to fragments of about 1 mm,
which were suspended in Hanks’ salt solution containing penicillin and strepto-
mycin sulfate. The starting allantoic liquid containing viruses was diluted within
the range of 10�1 to 10�7 and was added to wells with confluent cell monolayers.
Each suspension was incubated at 37°C for 1 h, and water solutions of TZV at
various concentrations were added to the plates. Antiviral activity was estimated
by hemagglutinin titration and plaque assays after 48-h incubations at 36 to 37°C
according to the method of reference 26.

TZV stability in a rabbit liver homogenate. The rabbit liver homogenate was
obtained by a procedure similar to that described in reference 30. The reaction
mixture containing 25 mg/ml protein and 500 �M TZV was incubated at 37°C.
After certain time intervals, aliquots were taken, and the reaction was terminated
by the addition of cool methanol up to 66% (vol/vol). The precipitate formed was
pelleted by centrifugation for 4 min at 10,000 	 g. The supernatant was dried in
a SpeedVac freeze dryer; the residue was dissolved in water; and the products
were analyzed by HPLC as described above. The compound concentrations were
calculated by peak areas.

TABLE 1. Anti-influenza virus activities of TZV and rimantadine in MDCK cell cultures

Compound and
concn (�M)

Log reduction in virus titera

A/H3N2 (A/
Victoria/

35/72)

A/H5N1
(A/Vietnam/1194/

2004 � A/PR/8/34)

A/H5N2 (A/Duck/
Potsdam/
1402-6/86)

A/H7N3 (A/
Mallard/

NT/12/02)

A/H9N2 (A/
HongKong/

1073/99)

Triazavirine
385 1.00 � 0.15 2.00 � 0.20 0.50 � 0.06 0.25 � 0.07 0.00b

960 1.00 � 0.12 2.25 � 0.18 1.60 � 0.15 3.50 � 0.20 0.50 � 0.10

Rimantadine (502) 5.00 � 0.80 1.00 � 0.50 2.00 � 0.30 3.00 � 0.25 0.75 � 0.08

a Values are means � SD from two independent experiments.
b TZV was inactive at this concentration.

FIG. 1. Structure of TZV.
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TZV metabolism in cell cultures. A TZV water solution was added to petri
dishes containing monolayers of 6 	 106 HEK 293T kidney cells or 6 	 106 Huh7
liver cells to a final concentration of 1 mM. The cell culture was incubated with
the test compound for 1.5 h or 24 h. The cells were washed three times with
phosphate-buffered saline (PBS), suspended in an equal volume of PBS, and
broken three times by cryolysis. An equal volume of 6% trifluoroacetic acid was
added to the suspension, which was then centrifuged, and the precipitate was
separated. The supernatants were adjusted to a neutral pH by the addition of
saturated Na2CO3 and were analyzed by HPLC as described above.

Anti-influenza activity of TZV in animal models. Animal experiments were
carried out in accordance with guidelines set forth in the Guide for the Care and
Use of Laboratory Animals (21a). Antiviral activity in CBA mice infected with the
A/Aichi/2/68 (H3N2) or B/Lee/40 influenza virus was assessed. Each group of
mice included 20 animals. The virus was administered intranasally at 1 and 10
50% lethal doses (LD50) under slight ether anesthesia. A TZV water solution
(0.2 ml) was administered by the intragastric (i.g.) route according to one of
three schemes: the treatment-and-prophylactic scheme (24 and 1 h before infec-
tion [�24 and �1 h] and 24, 48, and 72 h after infection [�24, �48, and �72 h]),
the prophylactic scheme (�24 h and �1 h), or the treatment scheme (�24 h, �48
h, and �72 h). Rimantadine (Aldrich Chemical Co., Milwaukee, WI) was used
as a control. The animals were watched for 14 days, and deaths in the control and
experimental groups were reported every day. Based on these data, the degree of
animal protection was calculated for TZV and compared with that of rimanta-
dine.

Pharmacokinetics in rabbits. For a single i.g. administration of TZV to rab-
bits, the animals (n � 4) were anesthetized with a 10:1 ether-Fluorothane
mixture, and a polyurethane gastrointestinal tube was introduced 15 cm deep.
TZV was administered as a water solution (12 ml) at a dose of 105 mg/kg of body
weight. For i.v. administration to rabbits (n � 4), TZV (4.3 mg/kg of body
weight) was injected into the vena auricularis marginalis in physiological solution
(1 ml) for 1 min according to the method of reference 11. At predetermined time
points up to 24 h postdosing, blood samples (1 ml on average) were collected
from the vena auricularis marginalis in a self-flowing manner into microtubes
containing 5 �l of heparin (5,000 U/ml). The tubes were shaken, and 0.5-ml
aliquots were taken out, mixed with methanol (1 ml), and stored at �24°C. The
control blood samples were taken before administration of the test compounds.
Prior to HPLC analysis, the samples were centrifuged at 1,500 	 g for 10 min; the
supernatant was evaporated in a vacuum; and the residue was dissolved in water
(100 �l). The samples were then analyzed by HPLC under the conditions de-
scribed above.

Pharmacokinetic parameters were calculated using the Kinetica program (ver-
sion 4.4.1; Thermo Electron Corporation). Pharmacokinetics following i.g. ad-
ministration was studied by the extravascular noncompartmental model of the
Thermo Kinetica program. For i.v. administration, the noncompartmental i.v.
infusion model was used. The following parameters were determined: the total
area under the plasma concentration-versus-time curve (AUCtot), the apparent
elimination half-life (T1/2), the maximum concentration of the compound in
plasma (Cmax), the time to Cmax (Tmax), and the mean residence time (MRT).
The i.g. bioavailability (F) of the compound was calculated as (AUCi.g./dosei.g.)/
(AUCi.v./dosei.v.), where AUCi.g. is the AUC of the compound after i.g. admin-
istration, dosei.g is the i.g. dose, AUCi.v is the AUC after i.v. administration, and
dosei.v. is the i.v. dose. Total clearance (CL) from plasma was calculated as
dose/AUC. The volume of distribution (Vss) of TZV at steady state was deter-
mined as CL 	 MRT.

Statistical analysis. The statistical significance of comparisons between
treated groups was assessed by a paired Student t test. All values are expressed
as means � standard deviations (SD). Each pharmacokinetic experiment was
repeated at least three times. The lower limits of detection of TZV and its
metabolite were 0.01 �g/ml, with a signal/noise ratio of �10. P values of 
0.05
were considered statistically significant.

RESULTS

The antiviral activities of TZV against influenza A and B
viruses were studied with various model systems, including cell
cultures, CAM fragments, and experimental animals.

Anti-influenza activities of TZV in MDCK cells and CAM
fragments. The antiviral effect of TZV was investigated in
MDCK cell cultures and CAM fragments after infection with
different strains of influenza A and B viruses. MDCK cell
cultures or CAM fragments infected with viruses were treated
with different concentrations of TZV immediately after the
virus adsorption period, and virus titers were determined at
48 h postinfection. Table 1 presents comparative data on log
reductions in the infective potentials of viruses in MDCK cells
in the presence of TZV. Rimantadine was used as a control.
Except for the A/H3N2 virus strain, the activity of TZV against
all influenza A viruses was similar to that of rimantadine. TZV
was nontoxic at the effective antiviral concentration for unin-
fected cells (50% cytotoxic concentration [CC50], �8 mM).

The model of TZV antiviral activity against influenza A and
B viruses in CAM fragments is presented in Table 2. The data
show that TZV inhibits influenza viruses of both the A and B
serotypes, including the rimantadine-resistant A/PR/8/34

TABLE 3. Protection of mice from death caused by type A and B
influenza viruses with the treatment-and-prophylactic scheme

Compound Dose (mg/kg)

No. of animals surviving/total
no. of animals (% protection)a

A/Aichi/2/68
(H3N2) B/Lee/40

TZV 150 15/20 (75) 13/20 (65)
100 14/20 (70) 13/20 (65)

Rimantadine 50 16/20 (80) 3/20 (15)
100 17/20 (85) 4/20 (20)

Control 0/20 (0) 0/20 (0)

a Values are mean data from three independent experiments.

TABLE 2. Log reductions in titers of influenza A and B viruses in the presence of TZV and rimantadine in CAM fragments

Compound and
concn (�M)

Log reduction in virus titera

B
(B/Samara/

253/99)

A/H3N2
(A/Victoria/

35/72)

A/H0N1
(A/PR/
8/34)

A/H5N1
(A/Vietnam/1194/

2004 � A/PR/8/34)

A/H5N2
(A/Duck/Potsdam/

1402-6/86)

A/H7N3
(A/Mallard/
NT/12/02)

A/H9N2
(A/HongKong/

1073/99)

Triazavirine
62 2.5 � 0.2 2.50 � 0.30 2.0 � 0.4 3.0 � 0.2 2.5 � 0.3 2.5 � 0.2 1.5 � 0.1
124 2.8 � 0.4 2.75 � 0.15 2.5 � 0.5 4.0 � 0.2 3.5 � 0.4 3.5 � 0.3 3.0 � 0.2
310 2.9 � 0.4 3.25 � 0.20 2.7 � 0.8 4.0 � 0.2 3.5 � 0.4 3.4 � 0.3 2.9 � 0.1

Rimantadine (110) 0b 5.00 � 0.45 1.0 � 0.2 0.5 � 0.3 3.0 � 0.2 3.0 � 0.2 1.5 � 0.1

a Values are means � SD from three independent experiments.
b Rimantadine was not active at the concentration given.
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strain. As can be seen, TZV reduced the titer of an influenza
B virus (B/Samara/253/99) by 2.5 to 3 log units, while riman-
tadine inhibited only influenza A virus replication. In addition,
the activity of TZV against avian influenza virus A/H5N1 was
four to eight times higher than that of rimantadine.

Anti-influenza activities of TZV in animal models. As shown
in Table 3, when administered according to the treatment-and-
prophylactic scheme (24 and 1 h before infection and 24, 48,
and 72 h after infection), TZV protected mice from death
caused by influenza viruses of types A and B. TZV was admin-
istered by the i.g. route in the dose range of 1 to 200 mg/kg of
body weight. Optimal effective doses were determined to be 50
to 100 mg/kg of body weight. As is evident from the data, TZV
and rimantadine provided similar levels of protection for mice
infected with a serotype A influenza virus (A/Aichi/2/68
[H3N2]), but the survival rates of animals infected with type B
(B/Lee/40) and treated at about the same dosage were three to
four times higher with TZV than with rimantadine. Therefore,
TZV could protect 65 to 75% of mice infected with either A or
B viruses. TZV was also effective when a treatment (�24 h,
�48 h, and �72 h) or prophylactic (�24 h and �1 h) schemes
of TZV administration were applied (data not shown). It is
also noteworthy that the toxicity of TZV is low: following
intraperitoneal administration to mice, the LD50 of TZV was
1,400 � 120 mg/kg of body weight, and following i.g. adminis-
tration, the LD50 was 2,200 � 96 mg/kg of body weight. The
essential characteristics of potential antiviral drugs are their
stability, metabolic transformation, pharmacokinetics, and
bioavailability.

TZV pharmacokinetic parameters following single-dose i.v.
or i.g. administration to rabbits. To determine the i.g. bio-

availability of TZV, the compound was administered to rabbits
(n � 4) by the i.g. and i.v. routes. At predetermined time points
up to 24 h postdosing, blood samples were collected and ana-
lyzed by HPLC. For 10 min after i.g. administration, the TZV
peak, with a retention time (Tret) of 22.5 min, was the only one
observed in rabbit blood, whereas 2 h later, a new peak (M1)
appeared, increasing with time, with a Tret of 27.5 min. The
concentrations of TZV and M1 in rabbit blood within 12 h
after dosing (105 mg/kg of body weight) are shown in Fig. 2A.
The Cmax of TZV (1.1 mg/liter) was achieved in 0.40 � 0.16 h,
and the half-time of elimination was 1.1 h. The CL of TZV was
37.0 � 11.2 liters/h � kg, and the Vss was 83.5 � 19.2 liters/kg.
The M1 concentration increased for 3 h and then decreased
insignificantly over the next 5 h. Following i.v. administration
of a 4.3-mg/kg dose of TZV to rabbits, the concentration of
TZV in plasma fell quickly, with a T1/2 of 0.9 h (Fig. 2B). In
contrast to the findings for i.g. administration, the metabolite
M1 was not detected. The only product observed during the
whole experimental time (24 h) was TZV. A summary of the
values of the pharmacokinetic parameters of TZV and its
metabolite is provided in Table 4. The i.g. bioavailability (F) of
TZV in rabbits was calculated as 12.5%.

Formation of the TZV metabolite (M1) in a rabbit liver
homogenate. Most likely the TZV metabolite was formed in
the liver or kidney. To confirm this assumption, TZV was
incubated with a rabbit liver homogenate. Figure 3 shows the
HPLC analysis of the liver homogenate after incubation with
500 �M TZV. As can be observed, a new peak, increasing with
time, was observed after 10 min of incubation. The retention
time of this peak agreed well with that of the metabolite
formed in rabbit blood following i.g. administration of TZV.

FIG. 2. Time-concentration profiles of TZV and its metabolite (M1) in rabbit plasma after either i.g. administration of a 105-mg/kg dose (A) or
i.v. administration of a 4.3-mg/kg dose (B). Datum points represent four animals. The concentrations of products were calculated after HPLC
analysis of rabbit blood samples. The lower limit of detection was 0.01 �g/ml.

TABLE 4. Values of pharmacokinetic parameters for TZV and its metabolite (M1) following a single i.g. or i.v. administration
of TZV to rabbits (n � 4)a

Compound, route
(dose �mg/kg) Cmax (mg/liter) Tmax (h) AUCtot (mg � h/liter) T1/2 (h) MRT (h) CL (liters/h � kg) Vss (liters/kg)

TZV, i.g. (105) 1.1 � 0.1 0.40 � 0.16 3.10 � 0.8 1.1 � 0.1 2.3 � 0.2 37.0 � 11.2 83.5 � 19.2
AMTZV 0.14 � 0.02 3.00 � 0.0 0.69 � 0.11 0.97 � 0.05 4.14 � 0.02 44.4 � 7.6 58.5 � 10.3
TZV, i.v. (4.3) 1.2 � 0.3 0.50 � 0.09 0.32 � 0.03 14.0 � 3.7 1.2 � 0.3

a Values are means � standard deviations for four animals.
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TZV metabolism in HEK 293T kidney and Huh7 liver cell
cultures. HEK 293T or Huh7 cell cultures were incubated with
500 �M TZV for different times. HPLC analysis of cellular
extracts revealed the presence of both TZV and the metabo-
lite, whose retention time agreed with those of the M1 metab-
olite formed in a rabbit liver homogenate and the metabolite
detected in rabbit blood following i.g. TZV administration
(Fig. 4).

TZV metabolite structure. The identities of the metabolites
found in cell cultures and in rabbit blood following i.g. admin-
istration and upon incubation of TZV in a rabbit liver homog-
enate were confirmed by comparison of retention times using
data from HPLC analysis, UV spectra, and mass spectra. The
patterns of UV spectra for TZV and the metabolite formed
upon incubation of TZV with a rabbit liver homogenate are
shown in Fig. 5. The patterns for TZV and M1 looked obvi-
ously different: TZV had two �max, one at 257 nm and one at
360 nm, while the �max for M1 were at 249 nm and 320 nm. We
assumed that the TZV nitro group could be reduced to give
2-methylthio-6-amino-1,2,4-triazolo[5,1-c]-1,2,4-triazine-7(4H)-
one (AMTZV). AMTZV was synthesized, and we showed that
the UV pattern of AMTZV was identical to that of M1. For
verification of the structure of the M1 metabolite formed in the
liver homogenate, its mass spectrum was compared with that of
the synthesized compound (Fig. 6A and B). A major ion was
[M-H]�, with a molecular mass of 197, which agrees with that of
AMTZV. Also, a peak of the TZV [M-H]� ion 227 was present.
For ions 197 and 227, the respective satellite ions corresponding
to 198 [M � 1–H]� and 199 [M � 2–H]�, as well as 228 [M �

1–H]� and 229 [M � 1–H]�, were observed. The ion structure
corresponding to peak 213 is obscure. Peak 167 may relate to a
metabolite degradation product, which was confirmed by mixing
[M1 � AMTZV] and [M1 � 15N-AMTZV] (data not shown).

Based on the results obtained, we assumed that the TZV
metabolite discovered in rabbit blood serum after i.g. admin-
istration or in the extracts of Huh7 and HEK 293T cell cultures
is a product of the reduction of the nitro group to an amino
group. AMTZV displayed no activity against an H3N2 strain
(A/Victoria/35/72) in cell culture at concentrations as high as
1,000 �g/ml. Reductions in the virus titer did not exceed 0.75
log unit (data not shown).

DISCUSSION

Influenza infection has been studied for more than 80 years.
Despite considerable progress in treatment, influenza remains
an uncontrolled global infection with unpredictable morbidity
and mortality rates. In the last two or three decades, the dom-
inating viruses of influenza epidemics belonged to serotype A,
whereas recent years have witnessed epidemic episodes caused
by viruses of both the A and B serotypes (3, 7, 17). Influenza
virus A (H5N1) circulating in birds is a menace to humans and

FIG. 6. Fragments of mass spectra of metabolite M1 (A) and syn-
thetic AMTZV (B).

FIG. 3. HPLC analysis of a rabbit liver homogenate after incuba-
tion with 500 �M TZV.

FIG. 4. HPLC analyses of HEK 293T (A) and Huh7 (B) cell lysates
after incubation with 500 �M TZV for 5 h. (Insets) Chromatograms of
control samples of intact cell lysates.

FIG. 5. (Left) UV spectra of TZV, the metabolite (M1) formed
after incubation with a rabbit liver homogenate, and AMTZV, ob-
tained by chemical synthesis. OD, optical density. (Right) Structural
formula of AMTZV.
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may result in an influenza virus pandemic (23). In light of the
current pandemic threat and the inevitable emergence of re-
sistance to anti-influenza drugs, the development of new anti-
influenza drugs must be a high priority.

Here we describe a novel inhibitor of influenza viruses of
different types. In contrast to the well-known anti-influenza A
drug rimantadine, TZV inhibited the replication of a serotype
B influenza virus in a CAM model and protected mice exper-
imentally infected with influenza virus from death by use of
either a preventive or a therapeutic scheme of treatment. TZV
displayed higher activity against the pathogenic H5N1 strain
than rimantadine. The pharmacokinetic parameters in rabbits
following i.g. and i.v. administration showed that the bioavail-
ability of TZV was 12.5%. After i.g. administration to rabbits,
a TZV metabolite was found in rabbit blood as a result of the
conversion of the TZV nitro group to an amino group {2-
methylthio-6-amino-1,2,4-triazolo[5,1-c]-1,2,4-triazine-7(4H)-
one} (AMTZV). Most likely the metabolite is formed in the
liver or the kidney, or in both organs. This assumption is
supported by the emergence of the metabolite in kidney and
liver cell cultures and in a liver homogenate after incubation
with TZV. The metabolite did not inhibit the replication of
influenza virus type A (H3N2) in MDCK cell cultures at con-
centrations as high as 1,000 �M and did not show toxicity up to
5 mM. Presumably, the nontoxic and inactive compound
AMTZV is a product of TZV modification ensuring the elim-
ination of the latter from the organism. The mechanism of
action of TZV on influenza virus replication should be eluci-
dated, although TZV displayed no activity when it was tested
as an inhibitor of viral neuraminidase. At present, TZV is
under clinical development for the treatment of influenza A
and B virus infections.
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